ORIGINAL RESEARCH ARTICLE ORIGINAL RESEARCH ARTICLE BACKGROUND: Pulmonary valve replacement (PVR) in patients with repaired tetralogy of Fallot provides symptomatic benefit and right ventricular (RV) volume reduction. However, data on the rate of ventricular structural and functional adaptation are scarce. We aimed to assess immediate and midterm post-PVR changes and predictors of reverse remodeling.
R
elief of right ventricular (RV) outflow tract (RVOT) obstruction at the time of surgical repair of tetralogy of Fallot frequently leads to pulmonary regurgitation (PR) with its lifelong adverse consequences. Although PR is generally well tolerated in the short term, with time, it leads to progressive RV dilatation, clinical decline (exercise intolerance, arrhythmia, and heart failure), and an increased risk of sudden cardiac death. [1] [2] [3] [4] [5] Pulmonary valve replacement (PVR) is undertaken to mitigate these late effects with reported symptomatic benefits, in conjunction with improved RV volumes and left ventricular (LV) function. 3, 6, 7 Although the overall hemodynamic benefits of PVR are evident with broad consensus for surgery before clinical deterioration or overt symptoms develop, uncertainties remain about the optimal timing of PVR, as well as the timing and nature of reverse ventricular remodeling.
We aimed in this study to assess prospectively immediate and midterm cardiac remodeling after surgical PVR using cardiovascular magnetic resonance (CMR).
METHODS

Patient Population and Study Design
Patients with repaired tetralogy of Fallot (rTOF) scheduled for elective PVR who were ≥16 years of age with no contraindications to CMR and estimated glomerular filtration rate ≥30 mL/min under the care of the Adult Congenital Heart Disease Center, Royal Brompton Hospital, UK, were approached for study inclusion between January 2005 and December 2009. Individualized recommendations for PVR were made after multidisciplinary reviews. During this period, our group started applying published preoperative RV threshold volume cutoffs of indexed RV end-diastolic volume (RVEDVi) ≥150 mL/m 2 and RV end-systolic volume (RVESVi) ≥80 mL/m 2 among other clinical parameters (onset of arrhythmia, impaired exercise capacity, or other symptoms) for referral to PVR. The study complies with the Declaration of Helsinki and has local ethics committee approval. All participants provided study-specific written informed consent.
CMR (1.5 T; Siemens) was performed at 3 time points: preoperatively, immediately postoperatively before hospital discharge, and midterm postoperatively (minimum, 12 months) after surgery, the last per routine clinical follow-up. Baseline demographics of study participants and clinical observations were obtained preoperatively and at midterm follow-up. Echocardiography was performed by a single operator for assessment of RV restrictive physiology with laminar anterograde flow in the pulmonary artery in late diastole present throughout the respiratory cycle. 8 Cardiopulmonary exercise testing for measurements, including peak oxygen uptake and ratio of minute ventilation to carbon dioxide production was carried out with the modified Bruce protocol to symptom limitation. Tests were excluded from analysis if the respiratory quotient value was <1. Clinical follow-up data were collated for the occurrence of death and cardiac events (death, sustained ventricular tachycardia, documented sustained atrial arrhythmias, and new-onset heart failure requiring hospitalization or diuretics).
Reverse RV remodeling was defined as the reduction in noninvasively measured CMR RV volumes after PVR, widely regarded as a beneficial positive outcome of surgery. The primary end point was normalization of RV volumes at the midterm follow-up as defined by RVEDVi ≤108 mL/m 2 and RVESVi ≤47 mL/m 2 (normal RV volume range established in our institution with the same method). 9 Secondary end points were percentage change in RVEDVi and RVESVi and myocardial fibrosis burden assessed by late gadolinium enhancement (LGE) CMR as a predictor of postsurgical remodeling.
CMR Protocol
All participants underwent standardized full CMR assessment, including short-axis steady-state free-precession cine stack from the atrioventricular ring to the apex. Biventricular volumes, mass, and function were derived with semiautomated software (CMRtools, Cardiovascular Imaging Solutions). A single core laboratory observer completed all volumetric measurements on anonymized scans. Twelve study CMR scans were randomly selected and remeasured by the same experienced observer (with a minimum 6-month interval) and a second blinded experienced observer for ventricular volume
Clinical Perspective
What Is New?
• Cardiac remodeling has been regarded as a gradual process after surgical pulmonary valve replacement (PVR) in patients with repaired tetralogy of Fallot. We demonstrated immediate structural right heart reverse remodeling after surgery.
• Progressive reduction in indexed right ventricular end-systolic volumes was demonstrated for the first time, likely reflecting improved intrinsic right ventricular contractility after PVR.
• Improved left-sided heart hemodynamics and right atrial remodeling were evident after surgical PVR.
• Preoperative right ventricular ejection fraction and peak oxygen uptake on cardiopulmonary exercise testing predicted all-cause mortality during postoperative follow-up.
What Are the Clinical Implications?
• The immediate postoperative changes in right ventricular volumes and function after surgical PVR provide mechanistic insight into the early reverse remodeling process.
• There is potential for ongoing reverse right ventricular remodeling once the volume load of pulmonary regurgitation is removed.
• Intervening before the indexed right ventricular end-systolic volume reaches 82 mL/m 2 guides timing of surgical PVR to optimize chances of right ventricular normalization after intervention.
ORIGINAL RESEARCH ARTICLE reproducibility assessment. LV papillary muscles and major trabeculations of the RV were carefully excluded from the blood pool and considered part of the myocardial mass. Maximal right atrial (RA) area index was recorded from a 4-chamber view. RA dilatation is defined as indexed RA area ≥15 cm 2 / m 2 . 10 Akinesia was defined as noncontractile myocardium that did not thicken in systole. Indexed RA area >16 cm 2 /m 2 and RVOT akinetic length >30 mm were also recorded given their predictive value. 11 Pulmonary regurgitant fraction was calculated from phase-velocity mapping in a plane transecting the main pulmonary trunk. Corrected right ventricular ejection fraction (RVEF) was calculated by dividing the net pulmonary flow (pulmonary forward flow minus the regurgitant flow) by the RVEDV. 12 LGE imaging was acquired by a single operator at preoperative and midterm postoperative time points as previously described. 13 Nonspecific LGE at RV/LV insertion points (present in 98%) was excluded. 13, 14 LGE was present if bright signal within myocardium was visualized with good-quality images in the same region on phase swap or cross-cuts. The maximum linear extent of RVOT LGE was measured. The LGE findings of 12 scans were rescored by investigators blinded to previous analysis (with a minimum 6-month interval).
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Quantification of RV Resected During RVOT Reconstruction
Study participants donated resected tissue necessarily removed at the time of surgery (typically in the RVOT). The area of resected RVOT tissue was measured against carefully aligned linear scales to include maximum specimen length and height to derive total tissue area before fixation.
Statistical Analysis
Data normality was assessed by Kolmogorov-Smirnov analysis. Results are reported as mean±SD or median (interquartile range) according to data distribution. Groups were assessed by paired Student t tests or the Wilcoxon signed-rank test as appropriate. Categorical variables were compared by χ 2 and McNemar tests as appropriate. Bonferroni correction was applied when multiple comparisons were undertaken by dividing the original α value of 0.05 by the number of analyses on the dependent variable (k). CMR parameters were grouped to determine k because CMR constituted the main imaging modality in our study for assessing cardiac remodeling after PVR. Other clinical and imaging parameters, including echocardiography, were regarded as a separate group for correction. Correlations were assessed by Pearson and Spearman correlation tests.
In view of the range of time intervals at midterm followup, a mixed-effects model was applied to adjust for the effects of time on derived CMR parameters. A repeated-measures mixed-effects linear model was also used to test the association between surgically resected RVOT area and change in RV volumes and function over time. Covariables, including preoperative biventricular volumes and function (indexed enddiastolic volume, indexed end-systolic volume, and ejection fraction), were included as fixed effects, along with time of follow-up as a continuous variable in the analysis, whereas individual subjects were considered random effects. An unstructured covariance structure was used for analysis. This choice was supported by assessment of the model fit based on the Akaike information criterion.
Receiver-operating characteristic curves analysis was performed to assess the cutoff values that predicted normalization of RV volumes after PVR. The optimal cutoff threshold was determined by the Youden index (J), which is represented by maximum sensitivity plus specificity minus 1. The predictive value of preoperative parameters on clinical outcomes was assessed by univariate Cox hazards regression analysis. The proportional hazards assumption was verified for each variable with generalized linear regression analysis, testing for a nonzero slope of the scaled Schoenfeld residuals in addition to visual inspections of the graphs of the regression. The correlations between preoperative clinical parameters (CMR and echocardiographic data) and RV normalization were assessed by univariable binary logistic regression analyses.
For the assessment of intraobserver and interobserver reproducibility, variability was expressed as the coefficient of variation (percent), derived from the within-subject SD divided by the mean multiplied by 100%. The within-subject SD is as follows: √∑ (difference between paired measurements) 2 /2n. 15 Intraclass correlation coefficients were also assessed on the basis of an absolute agreement, 2-way mixed-effects model. Statistical analysis was performed with SPSS (IBM Statistics V.22) and R (version 3.1.2). A 2-sided value of P<0.05 was considered statistically significant.
RESULTS
Patient Characteristics
Fifty-seven patients with rTOF were prospectively recruited (age, 35.8±10.1 years; age at repair, 4.0 years [interquartile range, 0.3-36.5 years]; 38 male). Their baseline clinical and surgical characteristics are listed in Table 1 .
Clinical Data, Exercise Tolerance, QRS Duration, and Cardiothoracic Ratio
There were 2 early postoperative deaths (both from RV failure at day 3) and 1 sudden death at 34 days (Table I in the online-only Data Supplement).
Seventy-four percent of patients were symptomatic at baseline (predominant symptom of dyspnea/fatigue in 56%, documented arrhythmia in 11%, palpitations in 5%, and endocarditis in 2%), but only 2% were symptomatic at midterm follow-up after PVR. Peak and percent predicted oxygen uptake (n=27 paired data with respiratory exchange ratio >1) remained unchanged (pre-PVR versus post-PVR, 23.7±5.8 versus 24.3±7.8 mL·kg ; P=0.95). Right bundle-branch block morphology on ECGs with baseline QRS dura-tion of 155±21 milliseconds did not change after PVR (P=0.73). Cardiomegaly (cardiothoracic ratio ≥0.50) was noted in 81% (46 patients) preoperatively and reduced significantly after PVR (P<0.01; Table 2 ). Restrictive physiology was documented in 29% of patients before PVR and 15% of patients at midterm follow-up (Table 2) .
Eighteen patients (32%) experienced major adverse clinical events (4 deaths, 5 sustained ventricular tachycardia, 14 new-onset sustained atrial arrhythmias, 1 newonset heart failure). Preoperative RVEF and peak oxygen uptake on exercise emerged as univariable predictors of death during follow-up, and RVEF predicted a combined end point of death or sustained ventricular tachycardia (P=0.01). Table 3 lists the statistically significant predictors of adverse clinical outcomes, and Table II in the online-only Data Supplement provides a comprehensive list of all clinical variables examined. Predictors of atrial arrhythmia were also identified. No statistically significant difference in clinical outcomes during follow-up associated with preoperative RV volumes was found (Table 4) .
Cardiovascular Magnetic Resonance
Immediate postoperative CMRs were performed at 6 days (interquartile range, 5-7.5 d; n=46) and midterm CMRs at 3.0 years (interquartile range, 1.0-4.1 y; n=47) after the index PVR. Post-PVR CMRs were not performed because of implantable cardioverter-defibrillators (n=6), death (n=3), and a move overseas (n=1). Additional surgical procedures † 4 (7) F indicates female; IQR, interquartile range; M, male; PA, pulmonary artery; PDA, patent ductus arteriosus; PR, pulmonary regurgitation; PS, pulmonary stenosis; PVR, pulmonary valve replacement; rTOF, repaired tetralogy of Fallot; RV, right ventricular; RVOT, right ventricular outflow tract; SD, standard deviation; and VSD, ventricular septal defect.
*One pulmonary atresia, 2 absent pulmonary valves, 1 atrioventricular septal defect, and 1 PDA.
†Additional surgical procedures included repair of right coronary artery fistula (n=1), repair of perforated right coronary cusp of aortic valve (n=1), right atrial plication (n=1), and insertion of ventricular assist device and establishment of extracorporeal membrane oxygenation (n=1).
(Continued ) 
RV and RA Reverse Remodeling
RV volumetric and RA reverse remodeling data are summarized in Table 2 and Figure 1 . In the immediate post-PVR period (median, 6 days), there was a 32% reduction in RVEDVi (P<0.01), which was sustained at midterm follow-up. RVESVi promptly decreased by 23% (P<0.01) and decreased further by midterm follow-up (P<0.01) to 32% lower than the baseline (Table 2 and Figure 1 ). Normalization of RV volumes (both RVEDVi ≤108 mL/ m 2 and RVESVi ≤47 mL/m 2 ) was achieved in 33 patients (70%) at midterm follow-up. Preoperative RVEDVi and RVESVi values were used to predict RV normalization. The optimal cutoff values were calculated with receiveroperating characteristic curve analysis, for which the highest sensitivity and specificity were achieved. These were RVEDVi of 158 mL/m 2 (sensitivity, 86%; specificity, 79%) and RVESVi of 82 mL/m 2 (sensitivity, 86%; specificity, 88%; Figure 2 ). Preoperative RV volumes and function, biventricular mass, RA size, and peak RVSP on echocardiography influenced RV normalization as shown in Table 5. RVEF decreased immediately by 12% after PVR but returned back to baseline preoperative levels by midterm follow-up. RV volumetric changes were accompanied by a regression of indexed RV mass at both post-PVR time points (P<0.01). Indexed RA area decreased after PVR with a corresponding decrease in the prevalence of RA dilatation (P<0.01 for both; Table 2 and Figure 1 ).
RVOT Akinetic Regions and RV LGE Extent
The area of surgically resected RVOT quantified on linear scales did not correlate with reduction in RV volumes or functional change at midterm follow-up (linear mixed-effects model; P>0.05). In contrast, RVOT akinetic length on CMR decreased immediately after PVR and was sustained at midterm after PVR (P<0.01; Table 2 and Figure 1 ). Pre-PVR RVOT akinetic length was modestly associated with change in QRS duration after PVR (r=0.44, P<0.01).
All patients had RV LGE (median RV score, 5; range, 1-13) at sites of previous surgical intervention (RVOT, ventricular septal defect regions), whereas RV LGE remote from surgical sites was present in 13 patients (23%) only. Four patients had nonapical vent-related LV LGE (median LV LGE score, 9.5; range, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Total RV LGE scores did not change after PVR (P=0.10 and P=0.35), nor did linear extent of RVOT scar (P=0.12; Table 2 ). There was an inverse relationship between pre-PVR linear RVOT scar length and change in biventricular EFs (ΔEF=midterm post-PVR EF−pre-PVR EF) with ΔRVEF (r=−0.40, P<0.01) and Δleft ventricular ejection fraction (LVEF) (r=−0.41, P<0.01).
LV Volumetric Data
Although surgical intervention was confined to the right side of the heart, changes in LV volumes and function were evident (Table 2) . Indexed left ventricular enddiastolic and end-systolic volumes (LVEDVi and LVESVi) reduced immediately after PVR and increased thereafter, with indexed left ventricular end-diastolic volumes increasing above its preoperative value. Left ventricu- ORIGINAL RESEARCH ARTICLE lar ejection fraction increased after PVR above pre-PVR baseline (Table 2 ). There was no overall change in mean indexed left atrial areas with surgery.
Variability in CMR Measurements
Intraobserver and interobserver reproducibility of indexed RV measurements was as follows: 0.9% and 3.1%, 2.8% and 7.9%, 3.4% and 8.5%, 2.9% and 7.4%, and 3.2% and 20.8% for EDV, ESV, stroke volume, EF, and mass, respectively. The intraclass correlation coefficients for LGE scores were 0.94 for the RV and 1.0 for the LV, comparable to the high reproducibility previously reported.
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DISCUSSION
Our data demonstrate for the first time that the majority of improvement in RV volumes after surgical PVR, previously shown at ≥6 months after surgery, takes place very early, within days from restoring pulmonary valve competency, and is sustained thereafter. The immediate effect of PVR on RV volumes is related to the immediate reduction in volume overload. Furthermore, RVESVi continues to decrease, suggesting ongoing functional RV recovery and underscoring RVESVi as a marker of myocardial function. Increases in indexed left ventricular end-diastolic volumes and left ventricular ejection fraction at midterm follow-up, although modest, are indicative of a positive ventricular interdependence effect after PVR and improved left heart hemodynamics.
Evidence of Time-Dependent Reverse RV Systolic Volume Remodeling
Most of the decrease in RVEDVi (32%) took place in the immediate postoperative period compared with a mere further 2% reduction at midterm follow-up. There was also a rapid reduction of RVESVi in the early post-PVR period (24%), but this was followed by a further 9% reduction to midterm. The latter reflects extended recovery of RV function with time. Our data suggest that the changes in RVEDVi observed are likely to reflect acute mechanical remodeling from volume reduc- tion, whereas the later and progressive improvement of RVESVi may represent time-dependent biological remodeling-that is, continued improvement of loadindependent RV function. RVESVi has been suggested as a valid estimate of intrinsic, load-independent RV function in rTOF. 16 Our data support this notion that RVESVi is a measure of RV myocardial function. We suggest that future studies of the timing of PVR should focus on the presence and degree of any continued reduction in RVESVi during serial post-PVR follow-up because changes in RVESVi are independent of ventricular loading conditions. Postoperative reduction of RV volumes into the normal range-that is, normalization-considered an optimal PVR outcome, took place in the majority of our patients (70%). Our cutoffs for RV volumes that predicted RV volume normalization (RVEDVi ≤158 mL/m [17] [18] [19] [20] [21] [22] Higher preoperative RVESVi has been identified as an important predictor of post-PVR RVEF, and it has therefore been suggested that greater emphasis should be placed on RVESVi values in terms of timing of PVR. 19, 23 Indeed, the identified preoperative RVESVi cutoff was equally sensitive but more specific (sensitivity, 86%; specificity, 88%) for normalization of RV volumes compared with the identified RVEDVi cutoff (sensitivity, 86%; specificity, 79%).
When patients with rTOF undergoing PVR for PR were compared, the significant reduction in RVEDVi demonstrated immediately after surgical PVR was sustained to midterm follow-up, similar to changes reported early (<1 mo) and at 1 year after percutaneous pulmonary valve implantation. 24 However, the early decrease in RVESVi seen in patients with percutaneous pulmonary valve implantation did not show ongoing improvement at 1 year, in contrast to the progressive reduction in RVESVi seen in our surgical PVR cohort. 24 The changes in RV volumes we found were accompanied by a stepwise reduction in indexed RV mass after PVR. This can be explained by chronic volume loading with PR, resulting in sarcomeric replication in series with chamber enlargement and a proportional increase in wall thickness in response to the increased end-diastolic wall stress. Restoring pulmonary valve competency with PVR initiates regression of ventricular mass as an adaptive response to normalize stress per unit myocardial mass.
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RVOT and PVR in rTOF
We quantified the area of resected RVOT tissue as a measure (albeit coarse) of the extent of RVOT surgical remodeling carried out, as judged appropriate by the operating surgeon. However, tissue area measurements did not appear to influence the extent of RV volumetric or functional reverse remodeling seen after PVR. This is in keeping with the findings of a randomized trial of PVR with and without RV remodeling surgery. 20 It may also reflect intrinsic measurement bias from 2-dimensional area quantification of irregularly shaped masses of resected tissue or variations in practice among different surgeons.
Postoperative CMRs showed a significant reduction in the length of the RVOT akinetic area. Increased preoperative RVOT akinetic lengths correlated with greater reduction in postoperative QRS duration, presumably as a result of surgical resection of slow-conducting, fibrotic/patch tissue in RVOT akinetic regions. 26 We previously showed that larger CMR RVOT akinetic length predicts sustained ventricular tachycardia, 11 whereas in the present study, it predicts postoperative reduction in QRS duration. QRS duration is a recognized sudden death risk factor in rTOF. 4, 24, 27 Greater preoperative LGE CMRdefined RVOT scar length was associated with smaller postoperative improvement in both RV and LV ejection fractions, suggesting that more extensive preoperative RV LGE may not be amenable to surgical remodeling and may predict suboptimal PVR outcomes. Reassuringly, worsening of overall RV LGE scores did not occur.
RA Reverse Remodeling
Indexed RA areas were mildly dilated in our study cohort and decreased after PVR. The fate of the RA during postoperative cardiac remodeling is important because RA enlargement is predictive of atrial tachyarrhythmia, especially in patients with RV restrictive physiology. 11, 28 The positive effect of PVR on RA size merits further work focusing on RA function and its relationship to outcomes after PVR.
Evidence of LV Reverse Remodeling
Although the focus of PVR outcomes has historically centered on the RV, LV remodeling also occurs. Previous studies have described the association between significant PR and LV systolic dysfunction and the prognostic importance of LV function in rTOF. 2, 29 Although PVR directly exerts right heart alterations, our study, like others, demonstrated increased LV volumes 20, 21 and improved LV function, 18 similar to findings after percutaneous pulmonary valve implantation. 24 In addition to any reversed Bernheim effect in which RV geometric and functional adaptations lead to LV dysfunction, 3 increased LV filling may be achieved as a result of improved efficiency of RV cardiac output when a competent pulmonary valve is implanted. This larger preload translates to an increase in LVEDV and function. This may contribute to patients reporting improved exercise tolerance, although we found no objective improvement of peak oxygen uptake on cardiopulmonary exercise testing in our study. The unchanged peak oxygen uptake was anticipated given that PR was the predominant lesion in our study cohort and that improvements may be the result of recovery kinetics after exercise versus peak oxygen uptake. 30, 31 As we and others have previously reported, [30] [31] [32] however, patients in this study had marked improvement in symptoms at midterm follow-up. Preoperative peak oxygen uptake predicted mortality in our study, in keeping with our previous findings in patients undergoing surgical PVR.
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Limitations
Because the study midterm CMR follow-up took place at the time of routine clinical follow-up, there was variation in the time frame that this occurred. However, we sought to address any confounding through a timeadjusted linear-effects model.
Patients with implanted electronic devices were excluded, and there was necessary attrition of study participants who had pacemakers or implantable cardioverter-defibrillators inserted after study recruitment. This may have introduced bias by excluding patients at the extreme end of the clinical spectrum with significant ventricular dysfunction or other adverse risk markers who required primary or secondary prevention against malignant arrhythmias. Patients who were recruited to the clinical trial were not otherwise different from all patients undergoing surgical PVR in the study period (Table III in 
Conclusions
In our single-center prospective study, we have demonstrated pertinent and novel immediate changes after surgical PVR, directly reflecting biventricular and RA remodeling. Normalization of RV volumes, an objective after PVR, was achieved in 70% of study patients and correlated with baseline RVEDVi/RVESVi. Although this early and desirable response to volume offloading was sustained at midterm follow-up, we additionally observed a continuing reduction in RVESVi with a concomitant midterm recovery in RVEF, suggesting timerelated biological remodeling of the load-independent RV function after PVR. A preoperative RVESVi cutoff of ≤82 mL/m 2 was equally sensitive and more specific for normalization of RV volumes compared with our preoperative RVEDVi threshold of ≤158 mL/m 2 , justifying the use of RVESVi for clinical timing of PVR to achieve optimal reverse remodeling. 
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